Recently, in Japan, safety measures such as earthquake-resistant reinforcement work and tile-reinforcement work are increasing. Current concrete drilling methods have issues such as noise, vibration, dust, and reaction force. These methods are causing stress for the residents. Consequently, solutions are being sought for work taking place on skyscrapers and at facilities that cannot shut down during construction, such as hotels, schools, hospitals and geriatric facilities for instance. This study investigated how laser drilling change the conditions, depending on the type of concrete in order to determine the possibility of using laser drilling for tile-reinforcement work and repairing concrete on building exterior. The results confirmed that it's possible to successfully drill holes for drilling diameters of 4 to 6 mm and depths of around 50 mm in concrete with a compressive strength within the range of 20 to 100 N/mm 2 by adjusting laser conditions. In case of deep holes the CW-mode should be chosen. Furthermore, by controlling laser irradiation conditions, it is possible to change the shape of the holes. These different kinds of holes are suitable for different applications. It is expected that laser irradiation drilling will be applied to new construction methods.
Introduction
Recently, in Japan, awareness of disaster prevention is rising owing to the Great East Japan earthquake and the Kumamoto earthquake, and earthquake-resistant constructions and tile-reinforcement research are increasing. [1] For this study, holes are drilled into concrete in order to install anchor bolts and pins. The drilling conditions necessary for reinforcement work are shown in Table 1 [2] [3] [4] . Earthquake-resistant constructions need holes with big diameter and depth. That means, big bolts for concrete reinforcement are required. In the case of tile-reinforcement, almost invisible holes and pins with small diameter and depth for fixing and adhesive are necessary. A tile is a thin plate fixed on the exterior surface of a building.
Nowadays the stress for the residents arises during working with standard concrete drills. Therefore, solutions for reducing these problems are required for working performed on skyscrapers and at facilities that must remain open to the residents, such as hotels, schools, hospitals and geriatric facilities for instance.
As countermeasures for these issues, low-noise and low-vibration backwards during working or drilling on the exterior. Concrete drilling technology using lasers to deal with reaction force [4] . But laser technology is rarely implemented in the construction field [5] [6] [7] however, it is being used in the manufacturing as drilling [8] , cutting [9] , welding [10] , ablation and additive-manufacturing and microfabrication of medical devices, food industry, metal items, 767 in examinations and diagnostics for instance [11, 12] . Nowadays, it has been started to research for civil engineering field [13] [14] [15] .
This study investigates the potential of laser drilling to reduce these stress factors in tile-reinforcement work with the aim of easing construction constraints. This report presents the results obtained from drilling for the purpose of tilereinforcement under various laser conditions for various types of concrete strength. A comparison of different kinds of concrete regarding compressive -strength. The drilling results as a function of defocus distance (DFS) and the different kinds of drilling shapes regarding on different laser irradiation conditions. Tile-reinforcement is a method of repairing that involves drilling into a tile as well as into a concrete building structure and reinforcing the tile by inserting four anchor pins per square meter and injecting an adhesive.
Currently, in tile-reinforcement work, concrete drill diameters are set from 5 to 7 mm, and drilling is performed using low-noise and low-vibration drills [3] . Reaction force is necessary during concrete drilling, and noise is at 80 dB level, which is low compared to vibrating drills and churn drills but makes conversation difficult [16, 17] .
Research Objectives
In this study, concrete drilling diameters were targeted at approximately 4 to 6 mm used to get no effect to the exterior appearance. The typical concrete used in these experiments have a strength of 20 to 50 N/mm 2 . Variations of drilling conditions, laser power, irradiation time, defocusing distance and different laser modes were applied for different kinds of concrete, to get the best laser parameters for tile-reinforcing drilling.
Methodology

Experiment Items
Experiments were carried out on the following two items: Experiment 1: Measurement of drilling depth depending on the laser mode. Experiment 2: Relationship between drilling depth and drilling shape for each type of concrete.
Concrete Specimen
The concrete specimens used in each experiment are shown in Table 2 . A concrete made from several composites, cement, sand, stone and some admixtures. The concrete strength is changed depending on mix proportion. The 20 N/mm 2 (type 20 N) is using much cement and sand. However, in the case of the 100 N/mm 2 (type 100 N), is using much stone compare the other strength. The specimen dimensions were 100×100×100 mm 3 . 
Laser
The experiments were carried out with a Nd:YAG laser (λ=1064 nm), because of Nd:YAG lasers are more suitable than CO2 lasers for use in the construction field. Laser irradiation conditions are shown in Table 3 . The laser irradiation schematic diagram is shown in Figure 1 . In order to drill into concrete using a 10 kW Nd:YAG laser, the laser's focal point was placed on the surface of the concrete specimens, and the defocus distance (DFS) was set into positive direction. Two different laser modes were used in these experiments: pulse mode (P-mode) and continuous wave mode (CWmode). P-mode conditions are: plus length=50 ns, repetition rate =10 Hz. Experimental drilling diameters were 4 to 6 mm, and the DFS had a range of 10 to 110 mm. Each examination was repeated five times for each experiment condition. Figure 2 shows the concrete compressive strength and drilling depth range for each laser mode. The overall trend for both P-mode and CW-mode was that drilling depths were deeper for concrete with more compressive strength. With CW-mode, the average drilling depth increased as the concrete compressive strength increased.
It is a fact that as the compressive strength increases, the concrete density also increases. There was also a tendency towards a wider variation in drilling depth. Figures 3 and 4 , respectively, the dependency between drilling diameter and depth of the holes showed that for every laser mode, the diameter and the depth of the holes increased. However, that tendency was not observed in the type 20 N to type 35 N range regarding CW-mode.
Furthermore, comparing the drilling depth of each mode, the CW-mode shows deeper holes than the P-mode. This P-mode laser CW-mode laser may be because the CW-mode has a larger heat affected zone (HAZ) on a concrete surface. In the case of CW-mode, the concrete type 20 N shows different characteristic in material, compared to the concrete type 50 N. The interaction of laser irradiation in type 20 N is bigger than in type 50 N. The HAZ in type 20 N is larger than in type 50 N. This leads to bigger diameter in type 20 N, but it doesn't lead to deeper holes.
Because the amount of dross in the type 20 N is larger than the amount of dross in types with higher strength. The higher amount of sand and cement in type 20 N leads to a bigger amount of dross.
This black dross leads to higher absorption of the laser irradiation and therefore to a reduction of drilling depth.
In the case of P-mode, the maximum depth in both materials is lower than the maximum depth of CW-mode. Because the applied energy is lower than in the CW-mode. Figure 5 shows the relationship between DFS and drilling depth for a laser irradiation time of 5s (35 N/mm 2 ). For each laser output, as the DFS value increased, there was a tendency for the drilling depth to decrease; this is because the laser's power density on a drilling surface decreases with larger DFS values. For outputs of 1 and 3 kW, drilling depth decreased by about 70% between DFS values of +10 to +40 mm; however, for DFS values of +80 to +110 mm, the drilling depth was uniform at 2 to 3 mm.
This may have occurred because even though the drilling diameter increased with higher DFS values owing to the lower power density radiating to the surface of the concrete, drilling depths were smaller because of the surface dross formation inside the hole. However, for 5 kW, even DFS values of +80 to 110 mm had drilling depths of 5 mm, and we confirmed that if the laser power is 5 kW, drilling is possible. Table 4 shows the different drilling shapes. After analyzing the cross-sections of the drillings, conducted for each experimental condition, the shapes could be classified into four types. Figure 6 shows the changes in drilling shape depending on changes in drilling diameter and depth. Drilling depths in the 8 to 22 mm range were categorized as Shape A, those in the 17 to 32 mm range as Shape B, and those in the 30 to 58 mm range as Shape C.
Shape A is a cross-section of the shape of the laser beam itself with relatively low laser power and short irradiation times. Shape B is a result of the concrete absorbing with more laser power and short irradiation time. Shape C results from a higher power, and longer irradiation time. Because of the short DFS and relatively high density the reflection of the laser beam inside the holes lead to this shape C. Shape D was limited to a range of 4 to 6 mm in diameter and 30 to 34 mm in depths. It is assumed that it was affected by the reflection of laser beam inside the hole comparable to shape C. The Type 35 N has a bigger proportion of cement and sand. The probability to drill into cement and sand is higher. That leads to the shape D. Figure 7 shows the proportion of drilling shapes for different DFS. There is a tendency for a larger number of shape A, as a result of increasing of DFS, and therefore decreasing of the laser density.
Drilling Shape Changes with Regards to DFS
Furthermore, shape C and D were only observed for a DFS ≤ 10 mm. Due to this condition a DFS ≤ 10 mm generated the smallest drilling diameter with the greatest laser power density in this study. Figures 8 and 9 show the drilling depth as a function of the DFS for laser irradiation times of 5 and 10s on ultrahigh strength concrete of type 100 N. For ultra-high strength concrete and other strengths concrete the drilling depth decreases, for all laser power by increasing the DFS. Comparing figure 8 with the 10s irradiation results of Figure 9 the maximum drilling depth is identical for 5 kW. However compared with the 10s irradiation results of Figure 9 , the maximum drilling depth is identical for 5 kW. When the drilling diameter is larger, the drilling depth is greater.
Presumably, because the aggregate content inside the concrete differs depending on strength. The drilling depth and range of the heat effect changes, depending on the laser conditions. Figure 10 shows the drilling shape and the drilling depth as a function of the diameter. As with other strengths of concrete, ultra-high strength concrete of type 100 N showed shape A in the range of 4 to 20 mm drilling depth. Shape B in the range of 18 to 38 mm, and shape C in the range of 30 to 52 mm. However, in the range of 1 to 5 kW, shape D was not observed in concrete of type 100 N at all. It is assumed that a greater power density is needed to obtain this shape D. Figure 11 shows the proportion of drilling shapes as a function of DFS. There is a greater tendency for shape A and shape B by increasing the DFS values, presumably because as the DFS values increase, laser power density decreases, and thereby causing lower drilling depths. Furthermore, when DFS is 10 to 40 mm, the resulting drilling shape is shape C. Conceivably, because of the laser power and irradiation time, the laser power density is too low reaching the range of 30 to 52 mm. 
Conclusion
 It is possible to generate holes in a range of 4 to 6 mm diameter, and around 50 mm depth with appropriate laser settings.
 The shapes of drilling can be classified into 4 types. The types depend on the laser conditions.
 By using 5 kW laser power and a small drilling diameter, the drilling depths increases; however, it confirmed that it is difficult to obtain greater drilling depths more than 50 mm because of dross and other effects.
 Regarding to the two different laser modes, the results can't be compared directly. Because of the totally used energy is different.
 And the heat affected zone using CW-mode is longer than the heat affected zone in the plus mode by using the same parameters setting. Furthermore, with this mode it is possible to generate all different shapes.
Regarding to these results, the laser drilling method for work that requires low vibration, low noise and no reaction force can be applied. That means the method will become an effective drilling technology in the future. Furthermore, because it is possible to select different drilling shapes by adjusting the laser parameters. This method will also be applied to new reinforcement construction methods. 
